SPT16 was previously identified as a high-copy-number suppressor of 8 insertion mutations in the 5' regions of the HIS4 and LYS2 genes of Saccharomyces cerevisiae. We have constructed null mutations in the SPT16 gene and have demonstrated that it is essential for growth. Temperature-sensitive-lethality sptl6 alleles have been isolated and shown to be pleiotropic; at a temperature permissive for growth, sptl6 mutations suppress 8 insertion mutations, a deletion of the SUC2 upstream activating sequence, and mutations in trans-acting genes required for both SUC2 and Ty expression. In addition, SPT16 is identical to CDC68, a gene previously shown to be required for passage through the cell cycle control point START. However, at least some transcriptional effects caused by sptl6 mutations are independent of arrest at START. These results and those in the accompanying paper (A. Rowley, R. A. Singer, and G. C. Johnston, Mol. Cell. Biol. 11:5718-5726, 1991) indicate that SPTl61CDC68 is required for normal transcription of many loci in S. cerevisiae.
SPT16 was previously identified as a high-copy-number suppressor of 8 insertion mutations in the 5' regions of the HIS4 and LYS2 genes of Saccharomyces cerevisiae. We have constructed null mutations in the SPT16 gene and have demonstrated that it is essential for growth. Temperature-sensitive-lethality sptl6 alleles have been isolated and shown to be pleiotropic; at a temperature permissive for growth, sptl6 mutations suppress 8 insertion mutations, a deletion of the SUC2 upstream activating sequence, and mutations in trans-acting genes required for both SUC2 and Ty expression. In addition, SPT16 is identical to CDC68, a gene previously shown to be required for passage through the cell cycle control point START. However, at least some transcriptional effects caused by sptl6 mutations are independent of arrest at START. These results and those in the accompanying paper (A. Rowley, R. A. Singer, and G. C. Johnston, Mol. Cell. Biol. 11:5718-5726, 1991) indicate that SPTl61CDC68 is required for normal transcription of many loci in S. cerevisiae.
A large number of genes that are required for normal transcription in Saccharomyces cerevisiae have been isolated as suppressors of Ty and 8 insertion mutations in the 5' regions of the HIS4 and LYS2 genes (21, 65, 66) . The insertion mutations alter HIS4 or L YS2 transcription and result in His-or Lys-phenotypes. In all cases that have been studied, the suppressor mutations (designated spt; suppressor of Ty) restore some level of functional transcription (for examples, see references 15, 18, 21, and 67) . Most spt mutations have additional effects on gene expression, and many SPT genes are essential for growth, suggesting that they play general roles in transcription (for examples, see references 16, 18, 29, and 41) .
Genetic and molecular analysis has shown that three SPT genes encode proteins that have been analyzed biochemically. SPTJ5 encodes the TATA-binding factor TFIID (18) , and SPTJJ and SPT12 are the same as the genes HTAI and HTBI that encode the histone proteins H2A and H2B (15) . The phenotypes of sptl5 mutants and htal-htbl mutants differ with respect to their suppression of different Ty and 8 insertion mutations and their effects on mating, sporulation, and expression of other genes (15, 18, 28) . These phenotypes are representative of two distinct classes of spt mutations that may alter transcription in different ways.
Two different approaches have identified alterations in the SPTJJ (HTAI)-SPTJ2 (HTBI) locus as suppressors of insertion mutations. First, sptll (htal) and sptl2 (htbl) mutations were isolated as suppressors of the insertion mutations his4-9128 and lys2-1288 (21) . Second, the wild-type HTAJ-HTBI locus was cloned as a high-copy-number suppressor of his4-9128 and lys2-1288 (15) . These results led to the model that changes in the stoichiometry of histone proteins result in altered transcription in S. cerevisiae.
In addition to the HTAI-HTBI locus, three other genes that cause an Spt-phenotype when their dosage is elevated have been identified. Two of these genes, SPT5 and SPT6, have been extensively characterized elsewhere (16, 62, 63) . Mutations in these genes confer many phenotypes similar to those conferred by htal-htbl mutations (15, 26, 28, 41, 61 (44, 49) . Mutations in SPTJ61CDC68 have previously been shown to cause cell cycle arrest at the control point START (27, 44) . However, our results demonstrate that at least some transcriptional alterations caused by sptl6 mutations are independent of cell cycle arrest at START. These results and those in the accompanying manuscript (49) suggest that SPTJ61CDC68 plays a critical role in the transcription of several genes in S. cerevisiae and that its function may be related to those of other SPT genes.
MATERIALS AND METHODS
Strains and genetic methods. The S. cerevisiae strains used are listed in Table 1 . With the exceptions of CG379 (obtained from C. Giroux), YPH148 (25) , and ART68-1 (obtained from A. Rowley and G. C. Johnston), all strains were constructed in this laboratory and were derived from S288C (MATa gal2). In designating the genotypes, parentheses indicate autonomous plasmids and brackets indicate chromosomal fragments. The his4-9128 mutation and the lys2-1288 muta- (16, 20) . Null mutations in SNF genes have been previously described (1, 12, 13, 19) . The mutation suc2AUAS(-19001-390) contains a deletion of the SUC2 5' sequence from -1900 to -390 with respect to the SUC2 translation initiation site (50) . Standard methods for crosses, sporulation, and tetrad analysis were used (38, 53) . Yeast cells were transformed by the lithium acetate method (33) .
Escherichia coli HB101 and TB1 were used as hosts for plasmids. These strains were transformed by the CaCl2 method (37) .
Media. The media used include rich medium (YPD), synthetic complete medium (SC), minimal medium (SD), sporulation medium and presporulation medium (47) . SC lacking amino acids or other nutrients (e.g., SC-ura lacks uracil) was used to score auxotrophies and to select transformants. Medium containing 1 mg of 5-fluoro-orotic acid (PCR, Gainesville, Fla.) per ml was used to select cells that had lost the URA3 gene (4) . YPsuc and YPraf are media containing 2% sucrose or raffinose and 1 jig of antimycin A (Sigma, St. Louis, Mo.) per ml and were used to determine the ability of mutants to use sucrose and raffinose as carbon sources (11) .
DNA preparation and analysis. Plasmid DNA was isolated from yeast cells as described previously (30) . E. coli plasmid DNA was prepared by the alkaline lysis method (3) . DNA restriction fragments were separated in SeaKem agarose (FMC Bioproducts, Rockland, Maine) and purified by electroelution. Southern hybridization analysis was performed as previously described (46, 58 Plasmids. A 4.6-kb BamHI restriction fragment that contains SPT16 (Fig. 1 ) was subcloned into a number of vectors: for pCC48, the high-copy-number vector YEp24 (6); for pCC58 and pCC59, the URA3-containing centromere vector YCp5O (34); for pBM8, a YIp5 derivative lacking SalI sites, pFW4 (59, 64) ; for pBM13, the TRPI-containing centromere vector pRS314 (56) ; and for pCC62, the vector pBR322. pSC2-1 contains the CDC68 gene in the vector YEp24 (44) . pBM46 is a derivative of pBM13 that contains sptl6-197.
Plasmids used as hybridization probes were as follows: for L YS2, pFW47 (a BglII-XhoI restriction fragment internal to LYS2 cloned in pBR322) and pFW112 (an EcoRI-BgIII restriction fragment spanning the 5' end of LYS2 cloned in pBR322) (16) ; for Ty, B161 (a Bglll fragment internal to Ty cloned in pBR322) (66) ; for TUB2 (encoding 0-tubulin), pYST138 (57); and for SPT16, pCC62 (described above).
Isolation and analysis of TnlO-LUK insertion mutations.
TnJO-LUK mutagenesis (32) (48), and the effect of sptl6-JOJ::LEU2 was determined after sporulation and tetrad dissection. Identification of conditional sptl6 mutations. The plasmid shuffle method (5) was used to identify sptl6 conditionallethal mutations. pBM13, a low-copy-number plasmid containing SPT16 and TRPI, was mutagenized for 24 h in 7% hydroxylamine (47) . S. cerevisiae BM72, which contains sptl6-JOJ::LEU2 and the autonomous SPT16 URA3 plasmid pCC58, was transformed with the mutagenized pBM13. Trp+ transformants were replica plated to 5-fluoro-orotic acid plates that were incubated at 15, 30, and 37°C to screen for mutants that could survive loss of the URA3 SPT16 plasmid at 30°C but not at 15 or 37°C.
Gene replacement of SPT16+ with sptl6-197(ts). The sptl6-197 conditional-lethal allele was integrated into the chromosome by the two-step gene replacement method (51) . The XhoI restriction fragment of pBM46, which contains the sptl6-197 allele, was subcloned into the integrating vector YIp5, creating pAC4. This plasmid was linearized with SnaBI to direct integration to the SPT16 locus and used to transform strain FY56. Ura+ transformants were purified on YPD, streaked on 5-fluoro-orotic acid plates to select for cells that had lost the URA3 gene because of recombination between the flanking SPT16 sequences, and screened for the temperature-sensitive and Spt-phenotypes of sptl6-197. The correct integration of sptl6-197 in strain L577 was confirmed by Southern analysis, tetrad analysis, and complementation by plasmid pCC59.
RNA preparation and analysis. For analysis of L YS2 RNA, strains were grown in supplemented SD at 30°C to early log phase (approximately 5 x 106 cells per ml). For analysis of Ty transcripts, cells were grown at 30°C in YPD to 1 x 107 to 2 x 107 cells per ml. When necessary, cells were arrested at G1 by the addition of 5 ,uM a-factor (Sigma) or at mitosis by the addition of 10 ,ug of nocodazole (Sigma) per ml and grown at 30°C for an additional division cycle (3 h). The efficiency of arrest was monitored by observing cell morphology by phase-contrast microscopy. Cultures were transferred to 37°C for 30 min to observe the effects of the sptl6-197 temperature-sensitive allele. RNA preparation (10) and Northern (RNA) hybridization analysis (63) were performed as previously described. The amounts of RNA were normalized by hybridization to pYST138 (TUB2).
Mapping of SPT16. The chromosome on which SPT16 resides was determined in several steps. Initially, intact yeast chromosomes were prepared (52) and separated by field inversion gel electrophoresis (9) . The DNA was transferred to nitrocellulose by capillary blotting, and the filter was probed with 32P-labelled pCC62 (58) . This SPT16 probe hybridized to a doublet composed of chromosomes VII and XV. To distinguish between these chromosomes, intact chromosomes were prepared from strain YPH148, in which chromosome VII is fragmented at RAD2 to allow resolution of chromosomes VII and XV (25) . After chromosome separation by field inversion gel electrophoresis and transfer to nitrocellulose, pCC62 hybridized to both fragments of chromosome VII, since they contain pBR322 sequences as a result of the fragmentation procedure (25) , and not to chromosome XV. Therefore, SPT16 is on chromosome VII. high-copy-number suppression phenotype, while two had no effect (Fig. 1) . Second, an sptl6 null mutation was constructed by inserting the LEU2 gene at a Sall site that is within the SPT16 coding region, as determined by DNA sequence analysis (49) . This LEU2 insertion also eliminated high-copy-number suppression.
To study the phenotypes conferred by these sptl6 null mutations, four of the TnJO-LUK insertion mutations that affect the SPT16 high-copy-number suppression phenotype and the LEU2 insertion were each recombined into diploid strains homozygous for his4-9128 and lys2-1288, replacing one copy of SPT16+. All (Fig. 2) . Thus, suppression of his4-9128 and lys-1288 can result from either sptl6 mutations or increased copy number of the wild-type SPT16 gene. Other 8 and Ty insertion mutations were tested for suppression by an sptl6 mutation and by increased copy number of SPT16+. The results showed that only his4-9128 and iys2-1288 are strongly suppressed (Table 2 ). This pattern is the same as that observed for spt4, sptS, and spt6 mutations (21, 65) . A high-copy-number SPT16 plasmid weakly suppresses his4-917, a Ty insertion mutation, in addition to his4-9128 and lys2-1288 (Table 2 ). This suppression pattern also results from mutations in HTAI-HTBJ (Table 2) sptl6-197 suppresses 8 insertion mutations by altering transcription. All spt mutations that have been examined suppress insertion mutations at the transcriptional level. To determine whether this is true in sptl6 mutants, we used Northern hybridization analysis to compare transcription of lys2-1288 in SPTJ6 and sptl6-197 strains.
Our results (Fig. 3) show that sptl6-197 causes an alteration in transcription of lys2-1288. The lys2-1288 mutation contains a solo 8 element in the 5' coding region of the L YS2 gene (16) . In SPTr strains, transcription initiates at the L YS2 initiation site and results in a transcript of about 580 bases, consistent with termination at the 8 termination site (14, 16) (Fig. 3A, lane 3) . RNA from an sptl6-197 lys2-1288 strain was examined after growth at 30°C and subsequent transfer to 37°C. In the sptl6-197 mutant, there is a second transcript slightly shorter than the wild-type LYS2 mRNA, in addition to the 580-bp transcript (Fig. 3A, lanes 4 to 10) . The size is consistent with initiation in the 8 element and elongation through the LYS2 open reading frame (Fig. 3B) . Although the sptl6 mutant is Lys' at the permissive temperature, there is a dramatic increase in the amount of the long L YS2 transcript after growth at 37°C for 30 min, and the amount of this transcript remains at the same elevated level with incubation at high temperature for up to 6 h (Fig. 3A, lanes  5 to 10) . Although sptl6-197 causes cells to arrest in G1 after (15, 21) , sptl3 (21) , and sptl5 (18) and are shown here for comparison. (40) . SNF2, SNF5, and SNF6 are distinct from SNFJ and SNF4 on the basis of both genetic and biochemical criteria (12, 13, 40, 42) . Our results show that sptl6-197 suppresses the defect in SUC2 expression in snJ2, snf5, and snf6 mutants but not in snfl and snf4 mutants (Table 3 ). In addition, a deletion of the SUC2 upstream activating sequence that causes a Suc-phenotype and is suppressed by mutations in SPT5, SPT6, and HTAI-HTBI (28, 41, 61) is also suppressed by sptl6-197 (Table 3) .
In addition to its role in SUC2 expression, SNF2 is required for transcription of Ty elements (26) . To determine whether an sptl6 mutation suppresses this requirement, we used Northern analysis to examine Ty transcripts in snJ2 mutants. A low-level full-length Ty mRNA was detected in a snJ2 sptl6-197 strain grown at 30°C, and there was an increased amount of Ty message detected after growth at 37°C for 30 min (Fig. 4, lanes 7 and 8) . Thus, an sptl6 mutation, like one previously characterized class of spt mutations, partially bypasses the requirement for proteins involved in transcriptional activation. In a SNF+ background, sptl6-197 has no effect on Ty transcription (Fig. 4,  lanes 1 to 4) . Again, this is similar to spt4, spt5, spt6, and htal-htbl mutants. In contrast, some other spt mutations eliminate Ty transcription (66, 67) .
SPT16 is identical to CDC68. We determined the SPT16 genetic map position in two steps. First, we determined that SPT16 is on chromosome VII on the basis of hybridization of an SPT16 probe to separated yeast chromosomes (see Materials and Methods). Second, tetrad analysis showed that SPT16 is 19 centimorgans from ADE5 and 41 centimorgans from LYS5 on the left arm of chromosome VII (Table 4) , a position similar to that of the CDC68 gene (39, 44) . The cdc68-1 allele was identified as a temperature-sensitive mutation that causes arrest of cell division at START in G, (44) .
Molecular and genetic data demonstrated that SPT16 and CDC68 are the same gene. First, the cloned SPT16 and CDC68 genes have identical restriction maps ( Fig. 1) (36, 44,  49) . Second, plasmids pCC48 (SPT16) and pSC2-1 (CDC68) complement the temperature-sensitive lethality of both sptl6-197 and cdc68-1. Third, sptl6-197 and cdc68-1 failed to complement in diploids. Finally, these two mutations are very tightly linked (Table 4) .
Because sptl6-197 and cdc68-1 are allelic, we investigated whether these mutations cause the same mutant phenotypes. 4, 6 , and 8). The same membrane was hybridized with the Ty probe B161 and with the TUB2 probe pYST138. A minor Ty transcript that is slightly less than full length is visible. The two lowermost bands are due to rRNA. The strains used were FY120 (lanes 1 and 2), BM390 (lanes 3 and 4), BM470 (lanes 5 and 6), and BM493 (lanes 7 and 8). Because of different levels of Ty transcription, the Ty hybridization was exposed for 12 h in lanes 1 to 4 (SNF2+) and for 100 h in lanes 5 to 8 (snf2AJ :HIS3). The TUB2 hybridization was exposed for the same amount of time in all lanes.
Both sptl6-197 and cdc68-1 cause 80 to 85% of cells to arrest the cell cycle as unbudded cells after growth for 4 h at the restrictive temperature (37°C). In addition, Rowley et al. (49) (15) . The results HTAI-HTBJ (28, 41, 61) . Finally, SPT16, SPT5, SPT6, and tations in SPT16 also HTAI-HTBI all confer suppression of 8 insertion mutations '-acting defects in tranwhen in high copy number (15, 16, 63 (61, 65) . The temperature-sensitive sptl6-197 mutation complements spt4 and spt5 mutations and almost completely complements an spt6 mutation (43) . sptl6-197 also fully complements htal-htbl and sptlS mutations. In addition, haploid strains containing sptl6-197 in combination with these other spt mutations are viable and have an Sptphenotype (36) . These results suggest that SPT16 functions distinctly from SPT4, SPT5, and SPT6. For example, SPT4, SPT5, and SPT6 proteins may function together in a complex, and the SPT16 protein may function in a separate but related way. However, since SPT16 is essential for growth, we are limited to studying partial-loss-of-function mutants; genetic interactions with spt4, spt5, and spt6 mutations may not be detectable under these conditions or with this particular sptl6 allele.
Sequence analysis of SPT16, SPT5, and SPT6 indicates some physical similarities among the three predicted proteins. SP1T5 and SPT6 are both nuclear proteins with highly acidic amino termini (62, 63) . The SPT16 protein is also very acidic; 49% of the last 78 amino acids are aspartic acid or glutamic acid (49) . The acidic regions may have similar functions in these three SPT proteins, perhaps in associating with basic histone proteins. Certain other highly acidic proteins have been suggested to interact with chromatin (reviewed in reference 17), and the similar phenotypes conferred by sptS, spt6, sptl6, and histone mutations are consistent with this model. Characterization of chromatin structure in sptl6 mutants and biochemical characterization of the SPT16 protein will allow us to test these ideas.
